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Abstract
As cerebellar granule neurons (CGNs) mature, they undergo a specific pattern of
events. However, the manner which neurons exit the germinal zone (GZ) is not entirely
understood. As CGNs polarize and differentiate, they migrate from the outer to the
internal layers, a process regulated by polarity genes and post-translational modifications.
Due to its role in neuronal migration, we were interested in the function of the polarity
gene Pard6 and its domains. Using structure function assays, we found that some
domains were required for GZ exit. Also, a two-hybrid screen indicated that the E3
ubiquitin ligase FbxW5 binds to the PDZ domain of Pard6. Thus, overexpression of
FbxW5 resulted in an inhibited migration of CGNs, while overexpression of Pard6
restored migration. Therefore, we propose that not all domains are required for Pard6
activity in neuronal migration and there is a functional interaction between Pard6 and
FbxW5 regulating cells exiting the GZ.
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Introduction
A. Cerebellar Development
Cerebellar development requires a well-organized and methodical series of events
orchestrating the transition of granule neurons from the outer germinal zone (GZ) to the
internal layers of the cerebellum. The cerebellum is a condensed multilayer structure
comprising of the majority of the brain’s neuronal cell population where they undergo
intense development and migration (Solecki et al., 2001, Buckner et al., 2013). Within
the developing cerebellum, the granule neurons make their way through the layers of the
cerebellar cortex, which is comprised of external germinal layer, molecular layer, and
internal granule layer (EGL, ML, and IGL respectively). Positioned between the EGL
and IGL is a layer of Bergmann glial cells that aid in the guidance of cells migrating, and
Purkinje cell layer which the granule cells make their final connections with (Figure 1A).
The cerebellum must first go through several embryological changes, requiring both
intrinsic and extrinsic cellular events. These are controlled by numerous genetic cascades
at the anterior–posterior (AP) and dorsal–ventral (DV) axes of the neural tube including
proliferation, differentiation and migration of cerebellar cell types, and the formation of
the cerebellar circuitry during development. During early development of the cerebellum,
the central nervous system (CNS) arises from the neural plate and as it closes it forms the
neural tube with its AP and DV axes. After closure, vesicles are present at the anterior
end of the neural tube giving rise to the forebrain comprised of the telencephalon and the
diencephalon, while the posterior end forms the midbrain, the hind brain, and the spinal
cord. The hindbrain is then further divided into seven rhombomere segments with the
most anterior rhombomere often referred to as the metencephalon. Gene expression and
fate mapping studies have shown that the cerebellum arises from the anterior-most
1

rhombomere of the hindbrain, rhombomere 1(R1) (Chizhikov et al., 2003, Hibi et al.,
2010). This region later gives rise to granule cells where they can then begin to migrate
under the pial surface across the cerebellum while continuing to proliferate while
migrating in the outer EGL. This form of migration does not require polarity, but it does
set up the switch from tangential to radial migration where polarity and two-step
migration are critical (Figure 1B).
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Figure 1A-B. Cerebellar development. A. Cerebellar granule neurons migrate from
the external germinal layer (EGL), molecular layer (ML), Purkinje cell layer (PL), to
the internal granule layer (IGL). B. During embryonic development, cerebellar granule
neurons arise from the Rhombomere 1 located below the hindbrain.
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B. Neuronal Polarization and Migration
Once the cerebellum has developed, neurons continue to undergo intense transition
from the EGL to the IGL. During development, cells begin a granule neuron precursors,
or progenitors, within the EGL. These cells are undifferentiated and mitotic with the
capacity to proliferate and self-renew, but can only divide a limited number of times
(Okabe et al., 1996). Progenitors are unpolarized cells that are spread out for optimal cell
to cell contact. While cells are in the EGL, there is a high expression of proteins such as,
but not limited to, Notch2, Siah, Ptc, and Zeb1 that maintain cells in a progenitor state.
As expression of these proteins decrease and there is an expression of polarity genes such
as Pard6, Lin7, and Pard3, cells become post-mitotic and differentiated polarized cells
that are exit the GZ. They become bipolar extending processes tangentially within the
inner EGL and then descend a leading process towards the Bergmann glial cells of the
molecular layer to guide the direction of migration. As previously mentioned, there are
several regulators that retain cells in the GZ. In particular, Singh et al. (unpublished)
found that zinc finger E-box binding homeobox 1 (Zeb1) represses polarity genes
maintaining cells in a progenitor state preventing GZ exit. Due to the role of Zeb1 in
neuronal maintenance, it serves as a tool for understanding the gating mechanism
between differentiation and migration (Figure 2).

4

Figure 2. Mechanistic switch between progenitors to granule neurons. As polarity
gene regulators like Zeb1 decrease, there is an increase in polarity genes. This results
in a transition from undifferentiated mitotic progenitors to differentiated, polarized
migrating neurons.
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The steps required for differentiated cells to migrate are many of the same
cytoskeletal and signaling molecules used in cell mitosis, such as cytoplasmic dynein,
cell polarity genes, and microtubule-associated proteins that coordinate microtubule
remodeling (Solecki et al., 2009). As cerebellar granule neurons (CGNs) become
polarized, they begin to migrate by extending a leading process, the cell body and nucleus
remain static. After the leading process commits to a single direction, the cell body and
nucleus follows behind in a two-step movement referred to as nucleokinesis. In order for
this form of movement to occur, the cell goes through several morphological changes,
there is first a swelling in the proximal region of the leading process where several key
organelles, such as the Golgi apparatus and centrosome move into the swelling region or
leading process. In the final step of migration, the nucleus and cell body then translocates
leaving behind a trailing process which eventually matures to be the axon (Trivedi et al.,
2011). The morphological changes in nucleokinesis is a result of the motor proteins Factin and myosin II that accumulate in the leading process which becomes enlarged with
cytoplasmic components, and key organelles, allowing the centrosome to asymmetrically
translocate into the leading process. In the final step, the nucleus is pulled forward and
the cycle is reset (Trivedi et al., 2014; Solecki et al., 2004). This movement is repeated
until the CGNs reach their final position in the lamina of the IGL with each cycle
regulated by signaling cascades and cytoskeletal proteins.

6

C. Par Complex
There are numerous cascades that regulate the transition of progenitors to
differentiated migration cells. The Par complex which is an evolutionarily conserved
multi-protein complex that was first discovered in C. elegans. The complex consists of
Partitioning Defective Protein 3 (Pard3), Partitioning Defective Protein 6 (Pard6),
atypical Protein Kinase C (aPKC), and the small Rho GTPase Cdc42 (Aranda, 2008). In
the literature, it has been demonstrated that the Par complex regulates many polarized
cellular processes, such as, cell motility, asymmetric cell division, morphology, and
epithelial junction formation regulating the specific movements of the centrosome and
soma during nucleokinesis among other processes (Famulski et al., 2010; David et al.,
2010; Chen et al., 2013). Located at the centrosome of the granule cells, the complex
controls the mechanisms that regulate the transition from the germinal zone (GZ) to the
deeper layers of the cerebellum while controlling the cell-cell adhesions with the glial
cells.
Pard3 is a multi-domain scaffolding protein that is required for the spatial
organization of several signaling proteins (Chen et al., 2013) and functions through the
binding to the adapter protein Pard6, which it then forms a complex with aPKC and is
essential for the delivery of aPKC to the apical surface. A loss of either Pard3 or aPKC
has been shown to result in a significant increase in metastasis and invasion in breast
cancer (McCaffrey et al., 2012). Pard3 in particular has been well described in the
literature to regulate cells exiting the GZ. Famulski et al. (2009), found that when they
overexpressed Pard3 in cerebellar tissue, CGNs exited the GZ early at 24hr compared to
its control indicating that Pard3 was sufficient to induce precocious GZ exit.
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Much like Pard3, Pard6 signal has been found to regulate centrosomal motility by
acting on microtubules and actomyosin cytoskeleton (Chen et al., 2013). Using timelapse imaging, Solecki et al. (2014), demonstrated that not only did the acto-myosin
contractility in the leading process regions coordinate the actin dynamics in migration,
but also that the polarity protein, Pard6, coordinates centrosomal motility during cell
migration. They found ectopic expression or silencing of Pard6 inhibited Myosin II
resulting in disrupted migration. Structurally, Pard6 consists of multiple domains and a
phosphodegron region. It has been shown to have a PB1 (Phox and Bem1) domain, IQ
domain, semi-Cdc42/Rac interactive binding (CRIB) domain, and PSD95/Discslarge/ZO1 (PDZ) domain (Munsun et al., 2008), each playing a role in the function of
Pard6. In order to interact with the Par complex, the PDZ of Pard3 binds to the PDZ
domain of Pard6 while the PB1 domain of Pard6 binds to the PB1 of aPKC forming the
Par complex (Figure 3A).
It has been confirmed that Pard6 plays a role in neuronal migration and is
essential for nucleokinesis by maintaining the integrity of the cytoskeletal components
(Solecki et al., 2009). Solecki et al. (2009), found as CGNs become post mitotic and
polarized, they express high levels of Pard6 and migrate from the EGL to the IGL. Figure
3B illustrates the multiple domains of Pard6: PB1, IQ, CRIB, and PDZ (Joberty et al.,
2000). PB1 interacts with aPKC recruiting the protein to the cell surface. IQ interacts
with myosin and CRIB interacts with Cdc42, both cytoskeletal components important for
the locomotion of the cell. PDZ interacts with Pard3. The function of each domain is
known, but the necessity for overall Pard6 function is not clear. Therefore, we wanted to
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further investigate Pard6 and its components to better understand its role in neuronal
migration, and possibly determine upstream regulators of Pard6 expression and function.
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Figure 3A-B: The components of the Par and their respective domain
interactions. A. The lines indicate the regions of interaction between domains of the
Par complex and its components. The PDZ domains of Pard3 and Pard6 bind while
the PB1 domains of Pard6 and aPKC bind, thus forming the Par complex. B. The
domains of Pard6 and the interactions with each domain. PB1 interacts with aPKC, IQ
interacts with myosin, CRIB interacts with Cdc42, and PDZ interacts with Pard3.
Indicated below each domain are the mutations we created to disrupt said interactions
individually to determine the necessity of the domains in the function of Pard6.
Schematic figure provided by Natalie Griffith, 2014.
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D. E3 Ubiquitin ligase f-box W5: A potential regulator of Pard6
The mechanism by which a CGN exits the GZ is a carefully regulated process.
One form of regulation is by translational modification proteins like E3 ubiquitin ligases,
which can regulate the cellular processes of cell-cycle progression, cell proliferation,
differentiation, and DNA damage response (Puklowski et al., 2011). Ubiquitin ligases
recognize and bind to phosphorylated substrates and target for degradation. Located at
the N-terminus of Pard6 is a phosphodegron with a consensus sequence site that acts as a
regulation site for degradation. Phosphodegrons act as potential binding sites for F-box
proteins, which are part of the ubiquitin protein ligase SCF complex (Rbx I, Skp I, Cul I,
and an F-box protein). The SCF complex carries out ubiquitination, a post-translational
modification, by binding and transferring ubiquitin to its substrate thus leading to
degradation. Within the SCF complex, Rbx I has a small zinc- binding domain that the
E2-ubiquiting conjugate can bind to allowing the transferal of ubiquitin to a lysine
residue of the target protein. The bridging protein, Skp I recognizes and binds to F-box
(Fbx) and is linked to Rbx I by Cul I (Randle et al., 2016). Fbx proteins are 50 amino
acids that functions as a site of protein-protein interaction linking the other components
of the SCF complex mediating ubiquitin proteolysis (Kipreos et al., 2000). They can
recognize and target proteins by directly interacting with their phosphorylated residues,
or phosphodegrons. Fbx proteins have been found to play critical roles in neuronal
morphology and connectivity, which is why we were very intrigued by a previous 2hybrid screen that revealed FbxW5 in particular binds to the PDZ domain of Pard6.
FbxW5 has been shown to be involved in cell division, a regulator for migration, and
function in a phosphorylation-dependent ubiquitination manner (Puklowski et al., 2011).
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FbxW5 is a cell-cycle-regulated protein with expression levels peaking at the G1/S
transition. A regulator of the cell cycle, anaphase-promoting complex (APC/C) targets
FbxW5 for degradation during mitosis and G1 resetting the centrosome duplication
machinery (Randle et al., 2015). Although we know Pard6 regulates activities such as
centrosomal motility, how its activity is regulated is poorly understood.

Statement Hypothesis
Pard6 activity is essential in neuronal migration. However, how the mechanism is
executed and maintained is still not clear. A possible regulator could be the ubiquitin
ligase FbxW5 that interacts with the PDZ domain of Pard6. Therefore, we hypothesize
that FbxW5 as a potential regulator of Pard6 by recognizing and binding to the
phosphodegron on the N-terminus and interacting with the PDZ domain (Figure 4).
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Figure 4. Working model of Pard6 regulation by FbxW5. A. We suggest that once
the degron on the N-terminus of Pard6 is phosphorylated at the consensus site, FbxW5
is able to recognize and bind. Once bound, FbxW5 can further interact with the PDZ
domain of Pard6 disrupting its activity.
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Materials and Methods
All C57Bl6 mice were maintained in the Animal Resource Center of St. Jude Children’s
Research Hospital in accordance to the Institutional Animal Care and Use Committee
(IACUC) approved guidelines. Once the female gave birth, pups are allowed to age to 7
days. At P7, pups were euthanized using approved decapitation device and the
cerebellum was removed by dissection.

Cerebellar slices: Following euthanization, the cerebellum was separated from the brain
using fine forceps and a compound light microscope in 1x hanks balancing salt solution
(HBSS; supplemented with 2.5mM, 30mM glucose, 1mM CaCl2, 1mM MgSO4, and
4mM NaHCO3). For 30 mins, each cerebellum was incubated in desired DNA plasmid
solution on ice. Cerebellum was transferred to a CUY520-P5 Platinum Block Petridish
Electrode (Protech International) and electroporated with a CUY21EDIT (Protech
International) square wave electroporator (90V, 5 pulses, 50ms pulse, 500ms interval).
Electroporated cerebella were embedded in 4% low melting point agarose and
300μm sagittal cerebellar slices were prepared using a VT1200 Vibratome (Leica
Microsystems). Slices were transferred to Millicell tissue culture inserts
(Millipore) and incubated at 37ºC in serum free media (SFM; containing 2mM Lglutamine, 50U/mL Pen/Strep, 0.5% glucose, 1x B27 supplement and 1x N2 supplement
[Life Tech] in Basal Medium Eagle [BME])for 24 or 48hrs time point. Slices were fixed
in 4% paraformaldehyde at 4ºC overnight and then rinsed 3 times for 5 minutes with
Phosphate Buffered Saline (PBS) and mounted on glass slides with ProLong Antifade
Gold mounting media and No. 1 glass coverslip. Images were then acquired at 10X using

14

Marianas confocal Zeiss microscope and SlideBook (3i) software courtesy of the St. Jude
Imaging Facility. Once images were acquired using SlideBook, tiff files were created and
imported to Amira analysis program. Amira automatically computed the distance each
cell migrated from the border of the tissue and created a file of data points that was then
exported to Excel and graphed as a histogram. Adobe Photoshop was used to edit images.
DNA plasmids
All DNA plasmids were inserted into pCig2 vectors. All slices were electroporated with
1µg/µl of pCig2 H2B mCherry to label cells red with the addition of our plasmid of
interest. All Pard6 mutants used in the slice assays (K19A, IQ, CRIB, PDZ, T7A,S11A,
and T7D,S11D) were generated by GenScript and inserted into pCig2 vector by
enzymatic digestion. The FbxW5 construct was generated by OriGene and inserted into
the vector pCig2. In order to construct a dominant negative (DN) version of FbxW5, as
previously established by Puklowski, et al. (2011), we removed the F-box region 3-49 by
PCR and inserted in the vector pCig2. Primers were designed and ordered from the Core
facility at St. Jude Children’s Research Hospital.
Immunohistochemistry
P7 whole mouse brains were fixed in 4% paraformaldehyde for 24hrs at 4ºC. Brains were
removed from fixative and submerged in 30% sucrose for 24hrs at 4C. Brains were then
cut into two sagittal sections with the aid of a brain mold. Each half was embedded in
Neg 50 and incubated on ice until Neg 50 hardened (about 30-60mins). Each block was
sectioned at 16µm using a cryostat, and mounted on positively charged glass slides.
Slides were either stored at -80ºC or prepared for blocking, using a solution containing
10% donkey serum and 0.5% Triton X-100 in PBS. Blocking solution was added to slide
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and incubated overnight at 4ºC. Blocking solution was then removed and primary
antibody {mouse Ki-67 (BD Pharmingen); mouse Tag1 (Iowa State Hybridoma Bank);
mouse Calbindin (AbCam)} solution added, consisting of 1% donkey serum and 0.05%
Triton X-100 in PBS with desired antibody and incubated in primary antibody overnight
at 4ºC. Samples were rinsed 3 times at 5 mins intervals with PBS and secondary antibody
conjugated in donkey to either Alexa 488 or 555 (Invitrogen) solution was added and
incubated for 1hr at room temperature. Samples were then washed again in PBS 3 times
at 5 mins intervals and mounted with ProLong Antifade Gold (Invitrogen) and glass
coverslips followed by imaging.
Isolated Granule Cells
Granule neurons were obtained using P7 cerebellar tissue. Brains were removed in CMFPBS media using fine tweezers. Dissected cerebellum was then incubated in 1mL of
200units/mL trypsin and 1mg/mL DNase in CMF-PBS for 5 mins at 37ºC.
Trypsin/DNase was replaced with 1mL of 500ng/mL DNase in BME and titrated using
fire-polished fine and extra-fine Pasteur pipette resulting in a single cell suspension
which was then spun at 4C for 5 mins at 600 x g using a tabletop centrifuge, and the
supernatant was removed. Pelleted cells were resuspended in 2mL of 500ng/mL DNase
CMF-PBS (0.45% glucose, 0.07% NaHCO3, and 0.05% Phenol Red) and further titrated
again with an extra fine fire-polished Pasteur pipette 10 times to ensure no cell clumping.
Cells were then loaded to a 50mL tube with a percoll gradient of 35% and 60% percoll to
separate granule cells from other cell populations. Percoll gradient with cells were spun at
800 x g for 15mins at 4ºC with the brake off to minimize disruption to the percoll
interface. After spinning was complete, the top layer consisting of glial cells was
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removed using a disposable pipette and remaining cells at the 35%:60% interface were
removed and washed in CMF-PBS to remove residual percoll and centrifuged at 4ºC for
15mins at 500 x g. Supernatant was then removed and pelleted cells were resuspended in
2mL of granule cell medium (GCM; consisting of 2mM L-glutamine, 50U/mL Pen/Strep,
0.5% glucose, 10% horse serum, and basal medium eagle) and 100ng/mL DNase and
plated on 60mm uncoated plastic tissue culture dish to remove any fibroblasts. Each plate
was incubated for 30-60mins at 37ºC. Cell suspension was removed and added to a precoated 60mm petri dish (dishes are coated in 25% poly-ornithine for 2-3 hrs prior to
plating cells) and incubated for 30-60mins at 37ºC. Glial cells stick to the coated dish
while the granule cells can be removed with media. Media with granule cells were
removed and added to a second coated dish for 30-60mins at 37C. The cells were
collected and a cell count preformed using a cytometer. They were then spun for 5mins at
600 x g at 4ºC and supernatant removed and pelleted cells were resuspended in a
recovery solution (RPMI 1640 with 0.45% glucose) followed by another spin. Cells were
resuspended in nucleofection solution with desired plasmid of interest using the Lonza
Amaxa neuron nucleofector kit, and each nucleofection solution was added to the
provided cuvette and nucleofected using a program (O-05) specific to granule neurons.
Solution and cells were removed from cuvette and added to pre-warmed aliquot of 400µl
of recovery solution and incubated for 20mins at 37ºC. Following recovery, cells were
spun for 5mins at 600 x g at 4ºC. Cells were resuspended in GCM and plated on Mat-Tek
16-well glass slides. In each well, 200µl with 400K granule cells were plated and
incubated at 37ºC for 24 and 48hr time points. After incubation, cells were fixed with 4%
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paraformaldehyde for 15mins at room temperature and then rinsed 3 times at 5 minute
intervals with PBS and then stained for immunocytochemistry.
Quantification
In order to quantify our slice assays, we obtained multiple images per replicate using
confocal microscopy. We found the average distance migrated and computed the percent
frequency of cells per bin. Bins were determined by the distance migrated for each cell
and organized in increments of 45µm (0-45µm, 46-90µm, and so forth). From the
average distance migrated, we generated bar graphs and the statistical significance was
achieved using a student T-test.
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Results
It has been demonstrated that components of the Par complex regulate many
polarized cellular processes. Therefore, we wanted to investigate the role of Pard6 in
neuronal migration with a structure function approach. To do so, we wanted to test which
domains were required for Pard6 function using two situations where Pard6 function was
reduced: Zeb1 gain of function and Pard6 silencing. Our lab has shown Zeb1, a regulator
of epithelial polarity, maintains CGNs in the GZ (unpublished). In order to demonstrate
an antagonist relationship between components of the Par complex and Zeb1, expression
constructs for Pard3 and Pard6 and the fluorescent nuclear reporter H2B-mCherry were
co-electroporated into the cerebellar cortices of P7 mice and cerebellar slices were
cultured ex vivo for 48hrs (Figures 5A-D). While control CGNs in Figure 5A (H2B
mCherry alone) exited the germinal zone, slices that were co-electroported with Zeb1
remained in the EGL (Figure 5B). However, co-electroporation with Zeb1 and Pard3 or
Pard6 was sufficient to rescue the Zeb1 phenotype (Figures 5C and 5D). Cells exiting the
GZ validated that these components of the Par complex are sufficient to restore cerebellar
migration in the context of Zeb1.
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Figure 5. Pard3 and Pard6 rescued Zeb1 overexpression at 48hrs. A. Control
(1µg/µl H2B cherry) avg migration 74.0±8.3µm (mean±sd). B. Zeb1 (3µg/µl)+H2B
cherry avg migration 42.4±7.6µm. C. Pard3 (3µg/µl)+zeb1+H2B cherry avg
migration 73.9±4.5µm. D. Pard6 (1µg/µl)+zeb1+H2B cherry avg migration
79.8±5.2µm. E. Combined graph with avg migration per condition. Using a student Ttest, Zeb1 compared to control was statistically significant with a p-value <0.01.
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Next we wanted to determine which Pard6 domains were required for migration
from the EGL to the IGL by either deleting or mutating them individually. To disrupt the
recruitment of aPKC, the PB1 domain was mutated by replacing Lys at residue 19 with
Ala (K19A mutant). To disrupt the PDZ domain of Pard6, we replaced Met with Tyr at
residue 235 (PDZ mutant). The IQ and CRIB domains were both deleted disrupting
myosin light chain and Cdc42 binding (∆IQ and ∆CRIB respectively). Finally, we created
two mutations at a consensus site on the degron of the N terminus where we either
mimicked the phosphorylation site using gluteric acid (T7D, S11D) or removed the
phosphorylation site using alanine (T7A, S11A). Interestingly, the phosphodegron region
could allow a new potential function interaction. By disrupting the function of each
domain and phosphorylation site, we are able to determine their importance by their
ability to rescue the Zeb1 phenotype that retains cells in the GZ.
Figure 6A-I shows the result of the experiment in which we co-electroporated
each mutated plasmid with Zeb1 plasmid into P7 cerebellum sections and incubated for
48hrs. By expressing mutated versions of each domain, we could determine if they were
essential or not to rescue the Zeb1 phenotype. A mutant that resulted in a Zeb1-like
phenotype would indicate that the domain is necessary, whereas a mutant that restores
migration indicates that domain is not required for the activity of Pard6. Figure 6A
illustrated normal migration at 48hrs in our control condition. We were able to inhibit
migration when we co-express with Zeb1 (Figure 6B). However, we could rescue the
Zeb1 phenotype when we co-expressed Pard6 (Figure 6C). Compared to the control,
K19A could not restore migration indicating the PB1 domain was required for Pard6
function (Figure 6D). IQ and CRIB (Figures 6E and 6F) restored migration comparable to
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control levels. The PDZ mutant was not able to rescue the Zeb1 phenotype suggesting it
is necessary for Pard6 function in the context of Zeb1. Interestingly, the T7A, S11A
mutant spurred migration surpassing the control, while the T7D, S11D could not restore
migration indicating the possible necessity of the phoshodegron in the function of Pard6
(Figures 6H and 6I).
In a similar assay, we next looked at each domain while silencing Pard6. Using a
shRNA with a MiR30 backbone, we silenced Pard6 and then added back each mutant
from our panel to see if disruptions at particular domains prevented GZ exit. Compared to
the control (Figure 7A), we inhibited migration with the shRNA, Pard6 140 (Figure 7B).
Unlike K19A (Figure 7C) that could not restore migration, the IQ mutant (Figure 7D)
restored migration surpassing control levels. The CRIB mutant could not restore
migration (Figure 7E), but to some degree the PDZ mutant could restore migration
(Figure 7F). It must be noted that in the Zeb1 assay, we could assess Pard6 function while
differentiation was blocked but other Zeb1 target genes were still regulated by Zeb1.
However, the shRNA experiment induces a Pard6 loss of function in a more direct
manner. When we compared these results in the Zeb1 and the shRNA assay, the K19A
mutant prevented migration indicating that aPKC binding is essential for Pard6 function.
However, the IQ mutant did not alter migration indicating that it is not a necessary
domain in the activity of Pard6. Interestingly, PDZ and CRIB mutants had opposite
results. In Figure 4F where Zeb1 was overexpressed, deletion of the CRIB domain
rescues migration but in Figure 7E where Pard6 was silenced migration was not rescued.
Likewise, in Figure 4G PDZ mutation could not restore migration but in Figure 7F PDZ
mutation was able to rescue migration to some degree. Why the PDZ and CRIB mutants
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had opposite results is not entirely clear. One possibility may be that the interaction of
Zeb1 with other target genes may modify their expression, which in turn could alter the
need for certain domains of Pard6 that are required for migration (Figure 6) whereas in
the shRNA assay we are completely silencing Pard6 (Figure 7). What is clear is that these
results suggest that the PB1 domain (K19A mutant) is necessary for neuronal migration.
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Figure 6A-I. Not all domains of Pard6 are necessary for GZ exit. A. Control (H2B
cherry) avg migration 82.7±7.8 µm. B. Zeb1+H2B cherry avg migration 45.5±7.8µm.
C. Pard6+Zeb1+H2B cherry avg migration 88.5±7.5µm. D. K19A
(1µg/µl)+Zeb1+H2B cherry avg migration 52.3±6.7µm. E. IQ (1µg/µl)+Zeb1+H2B
cherry avg migration 76.7±4.8µm. F. CRIB (1µg/µl)+Zeb1+H2B cherry avg
migration 75.6±4.0µm. G. PDZ (1µg/µl)+Zeb1+H2B cherry avg migration
51.2±2.6µm. H. T7D, S11D (1µg/µl)+Zeb1+H2B cherry avg migration 49.9±5.6µm.
I. T7A, S11A (1µg/µl)+Zeb1+H2B cherry avg migration 5.01±4.72µm.
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Figure 6J. Combined average distance migration. Using a student T-test, Zeb1,
K19A, PDZ, T7D, S11D, and T7A, S11A compared to control were statistically
significant with a p-value <0.01.
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Figure 7A-G. K19A domain is required for neuronal migration. A. Control
(3µg/µl R. Luc 713 MiR30+1µg/µl H2B cherry) avg migration 101.9±4.5µm. B. Par6
140shRNA (3µg/µl)+H2B cherry avg migration 65.1±5.8µm. C. K19A+ Par6
140shRNA+H2B cherry avg migration 59.2±4.2µm. D. IQ+ Par6 140shRNA+H2B
cherry avg migration 113.2±8.2µm. E. CRIB+ Par6 140shRNA+H2B cherry avg
migration 57.6±1.5µm. F. PDZ+ Par6 140shRNA+H2B cherry avg migration
85.9±7.6µm. G. Combined average distance migrated. Using a student T-test, Par6
140, K19A, and CRIB compared to control were statistically significant with a p-value
<0.01.
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Interestingly, a previous two-hybrid screen revealed that FbxW5 binds to the PDZ
domain of Pard6. Because FbxW5 has been shown to recognize and bind to
phosphodegrons of substrates, we wanted to look into its possible interaction with Pard6.
Using immunohistochemistry (IHC), we found that FbxW5 was expressed throughout the
cerebellum and the EGL where progenitor cells are located (Figure 8A-C). In figure 8A,
we co-stained with a progenitor marker (Ki-67) with FbxW5 so determine if FbxW5 is
expressed in the same layer as progenitors due to the possibility of FbxW5 as a regulator
for GZ exit. In a similar manner, figure 8B is a co-stain of the differentiation marker
Tag1 with FbxW5. And last, figure 8C is a co-stain of the Purkinje marker Calbindin
with FbxW5. Although FbxW5 is expressed throughout the entire cerebellum, it is also
expressed in the outer EGL where the transition from a progenitor to polarized migrated
cells is regulated.
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Figure 8A-C. FbxW5 is expressed in the cerebellum of P7 mouse. A. Ki67 (a
marker for progenitors) 1:100 in red, below panel is an overlay with FbxW5 1:100 in
green. B. Tag1 (marker for differentiation) 1:25 in red, below panel is an overlay with
FbxW5 in green. C. Calbindin (marker for Purkinje cells) 1:100 in red, below panel is
an overlay with FbxW5 in green. Scale bar 50µm.

28

Having determined that FbxW5 is expressed in the cerebellum, we wanted to
investigate further whether FbxW5 function is relevant to GZ exit and if there was a
functional interaction with Pard6 as suggested by the phosphodegron mutants. Compared
to the control (Figure 9A), FbxW5 overexpression resulted in inhibition of CGNs exiting
the GZ (Figure 9B), however migration was restored with an overexpression Pard6
(Figure 9C). When we expressed the T7A, S11A mutant that lacks a phosphorylation site
(Figure 9D), migration was restored to control levels indicating the necessity of the
phosphodegron for FbxW5 to interact with Pard6. Since our screen indicated that FbxW5
interacts with the PDZ domain of Pard6, we wanted to see if by disrupting the PDZ
domain could we could further prevent functional interaction of FbxW5 with Pard6
(Figure 9F). By expressing the PDZ mutant which lacks the PDZ domain, FbxW5
overexpression did not inhibit migration suggesting it requires the interaction with the
PDZ domain in order to alter Pard6 activity.
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Figure 9A-G. Overexpression of FbxW5 inhibits migration. A. Control (H2B cherry)
avg migration 72.6±3.1µm. B. FbxW5 (3µg/µl)+H2B cherry avg migration 35.6±8.0µm .
C. Pard6+FbxW5+H2B cherry avg migration 64.7±5.9µm. D. T7A, S11A+FbxW5+H2B
cherry avg migration 65.0±3.8µm. E. T7D, S11D+FbxW5+H2B cherry avg migration
38.9±4.6µm. F. PDZ+FbxW5+H2B cherry avg migration 62.8±7.7µm. G. Combined
average migration. FbxW5 and T7D, S11D were statistically significant compared to
control when using a student T-test with a p-value <0.01.
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To assess if inhibition of FbxW5 function was relevant for migration, we performed
a loss of function experiment by generating a dominant negative (DN) mutant based on
the strategy validated by Puklowski et al. (2011).This was done by removing the F-box
region (3-49aa) on FbxW5 that recruits ubiquitin, which then prevents the degradation of
its targeted protein (Puklowski et al., 2011). Without the ability to recruit ubiquitin, the
targeted substrate cannot be degraded. Compared to our control (Figure 10A) and FbxW5
overexpression (Figure 10B), we found that overexpression of FbxW5 DN enhanced
migration at 24hr time-point (Figure 10C) indicating that FbxW5 activity prevents GZ
exit and the ability to recruit ubiquitin is required. Also, when we silenced Pard6 (Figure
10D) and co-expressed FbxW5 DN, migration was not restored indicating Pard6 activity
is still required. All of our data together suggests that not only is Pard6 required for
CGNs to exit the GZ, but it is regulated by the expression of FbxW5. Furthermore,
without the ability to recruit ubiquitin, FbxW5 cannot Pard6 activity.
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Figure 10A-E. Deletion of F-box domain spurs neuronal migration at 24hrs. A.
Control (H2B cherry) avg migration 32.9±4.3µm. B. FbxW5+H2B mCherry avg
migration 22.8±0.0µm. C. FbxW5 DN (3µg/µl)+H2B mCherry avg migration
41.1±4.2µm. D. Pard6 140+FbxW5 DN+H2B m Cherry avg migration 24.7±1.5µm.
E. Combined average migration. FbxW5, FbxW5 DN and Pard6 140 were statistically
significant when using a student T-test with a p-value <0.05.
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Although additional experiments are required, we did look at the expression of
Pard6 in isolated granule cells in the presence of FbxW5 and FbxW5 DN. Due to our
findings of FbxW5 interacting with Pard6 and possibly targeting for degradation, we
wanted to investigate if we overexpress FbxW5 in granule cells will the expression of
Pard6 decrease. In Figure 11A-C, we used the plasmids Tomato MB (labels plasma
membrane) and Ven Pard6 (labels Pard6 expression). Note, we also added Lac Z with the
Tomato MB and Ven Pard6 in the control to act as a filler so all conditions had the same
volume of plasmid nucleofected into the cells. In the control (Figure 11A), cells have
long extended neurites with high expression of Pard6 in the cell body. However, when we
overexpress FbxW5 (Figure 11B), cells have a more progenitor like appearance with
shortened neurites and decreased Pard6 expression. Interestingly, when we express
FbxW5 DN (Figure 11C) the cell morphology resembles the control with long neurites
and high Pard6 expression. These preliminary experiments suggest not only does FbxW5
regulate Pard6 activity, but possibly does so in an ubiquitin manner.
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Figure 11A-D. FbxW5 in isolated CGNs alters Pard6 expression. A. Control (15ug
Tomato MB+40ug Ven Pard6+25ug Lac Z). Control cells have long extended neurites
with expression of Pard6 in cell body. B. FbxW5 overexpression (15ug Tomato
MB+40ug Ven Pard6+25ug FbxW5). Overexpression of FbxW5 resulted in decreased
Pard6 expression and shortened neurites. C. FbxW5 DN (15ug Tomato
MB+40ug+25ug FbxW5 DN). FbxW5 DN did not disrupt Pard6 expression and cells
have long extended neurites as seen in the control. D. Enlarged subset of panels A-C.
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Discussion
A. PB1 domain is required in neuronal migration
The Par complex (Pard3, Pard6, aPKC) maintains cell motility, asymmetric cell
division, and epithelial junction formation, among other polarity processes (Famulski et
al., 2010). As described by Famulski et al., using a gain-of-function approach, they found
that granule cells exit of the GZ were regulated by the degradation of Pard3 by an E3
ubiquitin ligase, SIAH. Based on the previous work on Pard3, we wanted to determine if
Pard6 required for cells to exit the GZ, as well. Using Zeb1 to inhibit migration, we
found both Pard3 and Pard6 could restore migration. Knowing that Pard6 regulates GZ
exit and radial migration, we wanted to look further into how Pard6 regulates these
activities by carrying out a structure function analysis using a gain of function with Zeb1
and silencing of Pard6 using an shRNA. To determine the necessity of each domain of
Pard6, point mutations or deletions were made for each (PB1, IQ, CRIB, and PDZ). Our
K19A mutant that disrupts aPKC binding was not able to rescue in both the Zeb1
overexpression and the silencing of Pard6 revealing the necessity of PB1 to bind with
aPKC which has been shown to cease neurogenesis and initiate cell proliferation
(Sabherwal et al., 2009). Some discordance was observed when we expressed the CRIB
and PDZ mutants of Pard6. In the Zeb1 overexpression assay, the PDZ mutant could not
rescue but when we silenced Pard6 it did restore migration, and on the flip side in the
Zeb1 overexpression the CRIB mutant restored migration but not in the Pard6 silenced
assay. It is not clear why the two mutants have opposite effects, one possibility being
when we overexpressed Zeb1 we not only inhibited Pard6 expression but other target
proteins of Zeb1, as well disrupting additional function. Future work would require
deeper analysis of both CRIB and PDZ domains.
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The IQ mutant did not disrupt migration. In both the Zeb1 overexpression and
Pard6 silencing, migration was restored indicating that the IQ domain is not required for
neuronal migration. What makes this result interesting is that myosin is required for
cytoskeletal motility in CGNs along with small GTPases and f-actin regulatory
molecules. Solecki et al. found that there is an accumulation of f-actin in the proximal
portion of the leading process determining direction of granule neurons, while Myosin II
motors are present along the length of the leading process suggesting an acto-myosin
relationship in contractility (2011). When we disrupt IQ binding with myosin, f-actin may
be compensating where myosin is lacking and there is the possibility of other myosin
binding regions present within the complex such as aPKC. Pard6 binding with aPKC
have been shown to regulate myosin assembly and disassembly (David et al., 2010).

B. FbxW5 as a regulator of GZ exit
We were also interested in the N terminus of Pard6 because of the phosphodegron
region. The two phosphorylation mutants had very interesting results. When we removed
the phosphorylation site (T7A, S11A) migration was not inhibited, however when we
expressed the mutant that mimicked a phosphorylation site (T7D, S11D), migration could
not be restored. This finding led us to refer back to a 2-hybrid screen previously done in
the lab that revealed that FbxW5 binds to the PDZ domain of Pard6 at the peak of
neurogenesis, P7. Although literature on FbxW5 is limited, it is known that it acts as an
E3 ubiquitin ligase targeting proteins for degradation. Puklowski et al.(2011), showed
that centrosome duplication was regulated by SCF-FbxW5 by targeting HsSAS-6 for
ubiquitylation. They further show that FbxW5 is regulated by the cell cycle peaking at
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the G1 and S transition while being degraded by APC/C complex resetting centrosome
duplication. When they deleted FbxW5 it resulted in an over-duplication of centrosomes
and spindle formation suggesting it may have similar effects on Pard6 preventing
neuronal migration. Similarly, we found FbxW5 to be possible regulator of Pard6 activity
and GZ exit. Overexpression of FbxW5 in P7 cerebellar tissue resulted in inhibited
migration, but could be restored by overexpressing Pard6. Also, when we overexpressed
FbxW5 with the T7A, S11A mutant, migration was not inhibited suggesting FbxW5
targets Pard6 for degradation maintaining cells in the GZ via recognition and binding to
the phosphodegron on Pard6. In addition, we were able to show that creating a dominant
negative version of FbxW5, we were able to prematurely spur migration further
indicating the necessity of FbxW5 maintaining cells in the GZ.
Recommendations for Future Research
In future studies, we will validate that FbxW5 is not only interacting with Pard6,
but it is targeting Pard6 for degradation by performing co-immunoprecipitation and
Western blot analysis. Additionally, it would be interesting to look at other proteins or
kinases possibly interacting with the consensus site on the degron, such as glycogen
synthase kinase 3β (GSK3β), which are known to phosphorylate phosphodegrons,
In addition, GSK3β has been linked to mediating Pard6, as well as the regulation of
microtubule-associated proteins (MAPs), suggesting it may control mitotic spindle
reorganization during cell division and in neuronal migration then movement of the
leading process and soma (Hur et al., 2010). Therefore, it is possible that GSK3β is an
additional regulator of Pard6 by phosphorylating the phosphodegron that is recognized by
FbxW5 which in turn interacts with the PDZ domain of Pard6 and potentially targeting
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the substrate for degradation preventing GZ exit (Figure 11A). Of course, there are many
more facets that need investigating to better identify and understand regulators of
neuronal migration.
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